We used intracellular microelectrodes to study some membrane electrical properties of isolated large (>1.0 nun) and small (<500 /un) coronary arteries of the dog. The resting membrane potential (Em) was not significantly different in large arteries and small arteries (average of -56 mV and -53 mV, respectively) nor was the input resistance (9 MO and 10 MO, respectively). Spontaneous action potentials were not present in vessels of either size, and action potentials could not be induced by electrical stimulation. Addition of tetraethylammonium ion (TEA, 10 mM) rapidly induced overshooting action potentials on electrical stimulation in both large and small arteries. The amplitude of the action potential increased as a function of log [Ca 1+ ]o, the slope of the curve being 30 mV/decade in the large and small arteries, thus demonstrating that Ca I+ carries most of the inward current during the action potential. Verapamil (10~e M) blocked these Ca 1+ -dependent action potentials in both the large and small coronaries. Adenosine (1CT 6 M) blocked the action potential in the small coronary arteries but had no effect on the action potential in the large coronary arteries. In contrast, nitroglycerin (10~6 M) blocked the action potential in the large coronary arteries but not in the small arteries. The results of this study demonstrate that adenosine blocks Ca 1+ inward current preferentially in small coronary arteries, and nitroglycerin blocks the Ca 1+ current preferentially in large coronary arteries. These observations are consonant with a role for adenosine in the metabolic regulation of coronary blood flow in the small coronary vessels. Ore Res
THE contraction of smooth muscles is controlled by the action potential and/or changes in the level of the resting potential. In those cases in which neurotransmitters produce contractions without changes in membrane potential , there are still changes in membrane conductance. In normally quiescent arterial smooth muscle, addition of the tetraethylammonium ion (TEA) induces spontaneous action potentials Droogmans et al., 1977) . In spontaneously active venous vascular smooth muscle (VSM), TEA greatly reduces outward current and increases spike amplitude (Kumamoto, 1977; Kumamoto and Horn, 1970) . In nonvascular smooth muscle, TEA also reduces outward current and induces action potential generation in normally quiescent tissue (Ito et al., 1970; Kirkpatrick, 1975) . Recent studies in this department (Harder and Sperelakis, 1978) have demonstrated that the TEA-induced action poten-tials in guinea pig mesenteric artery are dependent mainly on inward Ca 2+ current. Droogmans et al. (1977) have found a similar Ca 2+ dependency of the TEA-induced action potential in rabbit ear artery. Thus, the TEA-induced action potential in arterial smooth muscle provides a useful preparation for studying the inward Ca 2+ current and its relationship to excitation-contraction coupling.
Several investigators have demonstrated a differential effect of adenosine and nitroglycerin on the contraction of coronary arteries (Cohen and Kirk, 1973; Schnaar and Sparks, 1972; Winbury, 1971; Winbury and Lloyd, 1967; Winbury et al., 1969) . Those studies demonstrated that adenosine preferentially relaxes small coronary arteries (300-500 /un o.d.), whereas nitroglycerin preferentially relaxes large coronary arteries (1.5-2.0 mm o.d.). On the basis of mechanical recordings alone, Fleckenstein et al. (1975) and Schnaar and Sparks (1972) have suggested that nitroglycerin and adenosine relax coronary arteries by inhibiting Ca 2+ influx. However, there is no direct evidence (e.g., from Ca 2+ influx measurement) demonstrating that either adenosine or nitroglycerin inhibit Ca 2+ influx in VSM.
It was the purpose of the present study to ascertain the Ca 2+ dependency of the TEA-induced action potential in large and small coronary arteries of the dog, and to determine the effects of several vasoactive agents on these action potentials. The results demonstrated that adenosine blocks the VAS0ACT1VE AGENTS ON VASCULAR SMOOTH MUSCLE/Harder et al.
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Ca 2+ -dependent action potentials in the small vessels, whereas nitroglycerin blocks the action potential in the large vessels; verapamil blocked the action potentials in vessels of both sizes.
Methods
Mongrel dogs were anesthetized with sodium pentobarbital (30 mg/kg, iv) and the heart was removed. The left main coronary artery was cannulated, and the coronary vasculature was perfused with cold (22°C) oxygenated Ringer's solution while large extramural (>1.0 mm o.d.) and small intramural (<500 ^tm o.d.) arteries were dissected from the myocardium. The isolated vessels then were stripped of fat and connective tissue. The vessel segments were slit open to form a sheet, allowing microelectrode penetration from the intimal surface of the vessel. Microelectrode penetrations were made between the longitudinal strands of connective tissue (visable under a dissecting microscope). These arterial strips were placed in a nonrecirculating organ bath (10 ml volume) maintained at 37°C. The isolated segments were continually suffused with a physiologic salt solution containing (in mia): Na + , 141; K + , 4.7; Ca 2+ , 2.5; Mg 2+ , 0.76; Cl", 124; H 2 PO 4 ", 1.7; HCO3", 25; and glucose, 11. All solutions were gassed with 95% O 2 -5% CO 2 (pH of 7.3-7.4). Tetraethylammonium chloride (10 HIM) was added to induce excitability. In some experiments, adenosine (Boehringer Mannheim) was added to the bathing solution (final concentration, 10~7 to 10~5 M). In other experiments, nitroglycerin (Lilly) was added to the bathing solution (final concentration, 10"* to 10" 5 M). Verapamil-HCl (KT 6 to 10" 5 M; Knoll Pharmaceuticals) was added in some experiments.
Transmembrane potentials (E m ) were recorded with glass microelectrodes filled with 3 M KC1 and having tip resistances of 30-80 MS2. The microelectrodes were mounted on a Zeiss sliding micromanipulator. The impalements sometimes were held for more than 10 minutes. Ag: AgCl half-cells were used. The recording preamplifier used was a Dagan model 8500 which possessed capacitance neutralization and an internal bridge circuit. In most experiments, the first time derivative of the action potential was recorded by use of a passive RC network having the appropriate time constant. The calibration of the differentiator circuit was checked with a ramp generator; the action potential rates of rise were also measured by recording at fast oscilloscope sweep speeds. The arterial strips were stimulated extracellularly by rectangular current pulses (10-30 msec in duration) applied through platinum plate electrodes (field stimulation). Following bridge balancing with the microelectrode outside of the muscle, the input resistance (r m ) was determined by applying rectangular current pulses (Io) of varying intensities through the recording microelectrode while it was in the cell and recording the associated voltage changes (AEn,). The slope of the steady state current vs. voltage (AV/AIo) curve through the origin (i.e., infinitesimally small AE m ) was taken as the value of r m .
Results

Resting Membrane Properties
Isolated strips of large (>1.0 mm) and small (<0.5 mm) coronary arteries of the dog were impaled with microelectrodes to record the transmembrane potentials. Thirteen impalements of 5 large arteries and 14 impalements of 5 small arteries were made. The resting membrane potential (Em) measured in the VSM of the large arteries averaged -56 ± 2 (SE) mV and -53 ± 2 mV in the small arteries. The mean resting potentials were not significantly different in the large and small vessels. The r m , measured as the slope of the steady state voltage-current curve through the origin, averaged 9.0 ± 0.4 Mil in the large arteries and 10 ± 1.0 Mfl in the small arteries; these differences were not statistically significant.
Induction of Excitability
The VSM cells in both large and small arteries were quiescent and had stable resting potentials. The cells usually did not initiate action potentials when intracellular or extracellular current pulses were applied ( Fig. 1A) . However, addition of 10 mM TEA allowed overshooting (by about 5-10 mV) action potentials to be elicited on application of extracellular current pulses (rectangular pulses, 20-30 msec in duration) in both large and small arteries ( Fig. IB) . Polarizing current pulses applied through the recording microelectrodes also produced action potentials. The TEA caused only a small depolarization of about 4 mV.
The mean amplitude of the TEA-induced action potential was 55 ± 1 (SE) mV in the smooth muscle of the large arteries and 54 ± 1 mV in the small lack of spontaneous action potentials or responses to external electrical stimulation (one shock artifact depicted). B: Record from the same cell in A 10 minutes after the addition of TEA (10 mM), illustrating a large overshooting action potential in response to electrical stimulation. The horizontal broken line gives the zero potential. Voltage and time calibration in B applies to A. VOL. 44, No. 2, FEBRUARY 1979 arteries (values not significantly different). The +¥""! of the action potentials was 5 ± 1 V/sec in the large arteries, and 6 ± 1 V/sec in the small arteries (values not significantly different). Ten impalements were made in cells of 7 large arteries and 10 in cells of 7 arnpll arteries.
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Ca I+ Dependency of the Action Potentials, and Blockade by Verapamil
Variation in [Ca 2+ ] o
The amplitude and +VM, of the TEA-induced action potentials increased as a function of [Ca 2+ ] o (Fig. 2) . As can be seen in the figure, the action potentials were undershooting when [Ca 2+ ] o was only 0.5 rnM, and the amplitude of the response increased as the [Ca 2+ ] o was increased. In several preparations bathed in 4.5 rriM [Ca 2+ ] o , a second action potential followed the first one on electrical stimulation (Fig. 2C ). The action potential amplitude vs. log [Ca 2+ ] o curve had an average slope of 30 mV/decade (between 0.5 and 5.0 mM [Ca 2+ ] o ) in the large arteries ( Fig. 3A ) and 31 mV/decade in the small arteries ( Fig. 3B) . These values agree with the theoretically predicted value of 30.5 mV/decade for a membrane selective for a divalent cation (at 37°C) as calculated from the Nernst equation. These data indicate that the inward current during the action potential is carried primarily by Ca ions.
Verapamil Blockade
Verapamil-HCl (10~5 M), a known blocker of Ca 2+ current (Schneider and Sperelakis, 1975; Shigenobu et al., 1974) , was added to the solution bathing three large and three small arteries. In every case, verapamil rapidly depressed the TEA-induced action potentials within 2 minutes ( Fig. 4B ) and completely abolished the action potentials within 6 minutes (Fig. 4C ). The verapamil blockade is also consistent with the Ca 2+ -dependency of the action potential.
Effects of Adenosine and Nitroglycerin on Large Coronary Arteries
Adenosine Insensitivity
Adenosine, in concentrations of 10~7 to 10~4 M, was added to eight large coronary arteries treated with TEA to induce Ca 2+ -dependent action potentials. In no case was there any effect on either amplitude or +Vmai of the action potential (Fig. 5,  A and B) . Adenosine also had no significant effect on the resting potential or input resistance.
Nitroglycerin Blockade
Nitroglycerin (1CT 7 to 1CT 5 M) was added to eight large vessels in which TEA was used to allow Ca 2+dependent action potentials to be generated by field stimulation. Nitroglycerin, at 1 X 10" 6 M, greatly decreased the action potential amplitude and +V mM (Fig. 5, C and D) . Increasing the concentration of nitroglycerin to 1 X 10~5 M completely abolished the TEA-induced action potential (Fig. 5E ). 
Effects of Adenosine and Nitroglycerin on Small Coronary Arteries
Adenosine Blockade
Adenosine (10~6 M) was added to eight small coronary arteries in which TEA was used to allow Ca 2+ -dependent action potential generation on electrical stimulation. Adenosine abolished the action potentials within 1 minute (Fig. 7, A and B) . When arteries blocked by adenosine were superfused with adenosine deaminase (2 U/ml), there was partial recovery of the action potential to about 75% of control amplitude within 2 minutes (Fig. 7C ). Adenosine had no significant effect on resting Em or r^. Figure 6 (unhatched bars) summarizes the dose dependency of the effect of adenosine on +V mBI (Fig. 6A ) and amplitude (Fig. 6B) potential of the small vessels. As can be seen, depression of the action potentials by adenosine began at 1 X 10" 7 M and was complete at 1 X 1CT 5 M. As in the case of nitroglycerin, 5 X 10"* M adenosine caused about 50% depression of both parameters of the action potential.
Nitroglycerin Insensitivity
The effect of nitroglycerin (10~7 to 10~5 M) was examined in eight small coronary arteries exposed to TEA to induce overshooting action potentials dependent on Ca 2+ . The results of one such experiment are illustrated in Figure 7 , D and E. As can be seen, nitroglycerin had no effect on either the amplitude or +Vnax of the action potential. Nitroglycerin also did not affect resting Em or r m .
Discussion
Our results demonstrate that there are striking differences in the responses to some vasoactive agents between large and small coronary arteries, despite similar electrical properties of the resting membrane and despite similar electrogenesis of the action potential. For example, the mean values of the resting potential (about -55 mV) and of the input resistance (about 9.5 Mfl) were about the same in the large and in the small coronary arteries, and these values are in good agreement with those obtained in other arterial preparations Droogmans et al., 1977; Mekata, 1974; Mekata and Niu, 1972) . Therefore, these results suggest that the resting membrane properties of the smooth muscle cells of the small coronary arteries are not significantly different from those of the large arteries.
The induction of large overshooting action potentials (on electrical stimulation) in both large and small coronary arteries by TEA is in agreement with the findings for other smooth muscles. For example, it has been demonstrated that TEA induces action potential generation in other vascular and nonvascular smooth muscles by suppressing outward K + current and reducing the rectifying properties of the membrane (Ito et al., 1970; Kirkpatrick, 1975; Kumamoto, 1977) . We do not know why the VSM cells of the dog coronary arteries were inexcitable in the absence of added TEA or whether the VSM cells in situ in the intact vessels normally generate action potentials.
The average slopes of the action potential amplitude vs. log [Ca 2+ ] o curve for large and small arteries were nearly identical at about 30 mV/decade. Such a relationship between membrane potential and [Ca 2+ ] o is strong evidence in favor of a selective membrane permeability increase to Ca 2+ (Reuter, 1973; Schneider and Sperelakis, 1975) . Droogmans et al. (1977) have also shown a Ca 2+ dependence of the TEA-induced action potential in the rabbit ear artery. Thus, it appears that the inward current carried during the TEA-induced action potential in coronary arteries is carried mainly by Ca 2+ . Furthermore, Van Breeman et al. (1978) have evidence that in dog coronary arteries the activator Ca 2+ for contraction is derived primarily from the Ca 2+ influx across the surface membrane. Ca 2+ influx during the normally occurring action potential has been shown for other smooth muscles also (e.g., Sperelakis, 1962) . Thus, the TEA-induced action potential is valuable for studying the effects of vasoactive agents on the inward Ca 2+ current during activation.
Adenosine abolished the Ca 2+ -dependent action potential in small coronary arteries but had no effect on the action potential in large coronary arteries. Adenosine deaminase (the degradative enzyme for adenosine) restored the action potential in small arteries that had been blocked by adenosine, as expected. These findings are in agreement with those in the literature in which measurement was made of the effect of adenosine on tension development in isolated coronary arterial strips and on coronary blood flow in isolated perfused hearts. Schnaar and Sparks (1972) demonstrated that adenosine produced much greater percent relaxation in small coronary arteries (less than 500 fun o.d.) than in large coronary arteries (greater than 1.5 mm o.d.). In addition, Cohen and Kirk (1973) have shown that adenosine increased blood flow in the small arteries. Similarly, Fam and McGregor (1968) demonstrated that dipyridamole (a blocker of adenosine uptake) decreased coronary resistance due to dilation of small arteries.
In contrast, nitroglycerin abolished the Ca 2+ -dependent action potential in large coronary arteries without affecting the action potential in small arteries. This finding is in agreement with the data of Schnaar and Sparks (1972) who found that, in isolated strips, nitroglycerin had a greater relaxing effect in large coronary arteries than in small arteries. Thus, it appears that nitroglycerin has its major dilatory effect on the large arteries, whereas adenosine preferentially dilates the small coronary arteries. Since the inward current of the TEA-induced action potential is carried primarily by Ca 2+ , the facts that adenosine blocks this inward current only in small arteries and nitroglycerin blocks it only in large arteries, provide a mechanism for the differential relaxing effect of these two agents.
Verapamil, on the other hand, blocked the Ca 2+dependent action potentials in both the small and large coronary arteries. Therefore, it would appear that the mechanism for the genesis of the Ca 2+dependent action potential is not different in the arteries of different diameters, since verapamil was equally effective in blocking in both cases. It is difficult to explain, then, why an agent like adenosine has an action on the VSM of one size artery, whereas it has no effect on a larger sized artery of the same vascular bed. It is probable that adenosine receptors are present in the VSM of the small vessels whereas they may be absent from the larger vessels. The presence or absence of adenosine receptors may involve the proximity of the vascular smooth muscle to the site of adenosine production. The small coronary arteries are primarily intramural, embedded among myocardial cells which produce adenosine (Rubio and Berne, 1969) . This proximity may sensitize these vessels to adenosine (by the development of appropriate membrane receptors), whereas the larger extramural vessels are upstream from the site of adenosine production. It is relevant in this regard, however, to note that adenosine has been shown to block the Ca 2+ -dependent slow action potentials in atrial cells (Schrader et al., 1975; Belardinelli et al., unpublished observations) but not in ventricular cells of the same species (Schneider and Sperelakis, 1975) , whereas verapamil blocked the slow action potentials in both atrial and ventricular cells (Schrader et al., 1975; Shigenobu et al., 1974) . Thus, the differential effect of adenosine occurs even in myocardial cells.
In summary, in this study we have used TEA to induce Ca 2+ -dependent action potentials in small and large coronary arteries, and demonstrated that adenosine blocks Ca 2+ inward current in the small coronary arteries, but not in the large ones, whereas nitroglycerin blocks the Ca 2+ current only in large coronary arteries. These data suggest a major mechanism that may be responsible for the differential relaxing effects of adenosine and nitroglycerin on the coronary vascular bed. In view of the proposal that adenosine, which is released in high concentrations by hypoxic myocardial cells, serves as a local regulator of the coronary blood flow (Rubio and Berne, 1969) , the present findings may provide the major mechanism by which this action of adenosine is mediated. VOL. 44, No. 2, FEBRUARY 1979 Sperelakis, N: Ca 45 and Sr* movements with contraction of depolarized smooth muscle. Am J Physiol 203: 860-866, 1962 Van Breeman C, Siegel B, Hwang OK: Differences in adrenergic activation of coronary and peripheral arteries (abstr). Fed Proc 37: 416, 1978 Winbury MM: Redistribution of left ventricular blood flow produced by nitroglyceriru Example of integration of the macroand microcirculatdon. Circ Res 28: [140] [141] [142] [143] [144] [145] [146] [147] 1971 Winbury MM, Howe BB, Hefner MA: Effect of nitrates and other coronary vasodilators on large and small coronary vessels: An hypothesis for the mechanism of action of nitrates. J Pharmacol Exp Ther 168: 1969 
